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Introduction

This research area is intended to contribute towards the development of the
next generation of remotelyvoperated vehicles (ROV's) currently under development
by the US Navy. A concept for one such design is shown in figure 1. In these
vehicles, the operator does not operate traditional controls (switches, joysticks,
levers) in order to operate the vehicle, but experiences complete visual, auditory,
force, and touch feedback directly from the remote environment in which the vehicle
is operating. If the fidelity of the sensory feedback is high enough, the operator
experiences 'telepresence' or 'virtual reality', a state in which the operation of the
vehicle become more natural to the operator, thereby reducing operation time and
increasing task effectiveness.

It is known that many, if not most, diving operations are conducted in conditions
of little or no visibility, and human divers accomplish much of their work based on
what they can feel rather than what they can see. It follows that if the ROV has to
operate in similar conditions, we need to know how this blind touch probing would
be perceived by the operator on the surface, and what strategies would be employed
in order to accomplish certain tasks. It is in this area of probing by means of touch,
commonly called haptic probing, that the PI is involved.

This final report covers research into several aspects of haptic sensing, and in
particular, investigations of the way the haptic system may be used in conjunction
with a t0eeoperator system to identify remote objects. The work proceeded in
two main -.i*i'ections. Firstly, experimental data obtained by the P1 while working
as an 0" a Fellow at NOSC was analysed, and several hypotheses regarding the
mechanics of human haptic probing were evaluated. In the second area, the design
of a multi-degree of freedom mechanical hand is undertaken. Such a device w1ll be
required to achieve the necessary dexterity expected of a system capable of achieving
telepresence on the part of the operator.

Haptic Probing

In the summer of 1989, the PI had the oportunity to work with the Adaptive
Systems Branch, NOSC in order to begin preliminary work in this area. The branch
had a CRL force reflecting telemanipulator (see fig 2) on which experiments were
performed. In the ten weeks allocated to the fellowship, only preliminary exper-
imental procedures could be designed and executed. In the fall of 1989 the PI
researched some of the physiological background to this subject and proposed sim-
ple models for the operation of the human haptic system when used in conjunction
with a bi-lateral force reflecting telemanipulator. These findings have been writ-
ten up in one conference paper (appendix A) and one journal paper (appendix B),
currently accepted for publication, though not yet in print.
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In order to continue this research, a CRL manipulator has been purchased and
will be delivered in December 1990 to NPS. This will allow further extensive testing
of hypotheses on haptic probing in conjunction with telemanipulator devices. It
is expected that this work will lead to a basic understanding of the mechanics of
haptic probing and object recognition, and the development of computer assisted
aids to enhance operator recognition.

End-Effector Design

Figure 1 shows that the remote robot arm is fitted with a human-like (anthro-
pomorphic) end effector capable of manipulating hand and power tools. Although
such devices exist in the laboratory, their mechanical design is somewhat complex
due in part to the remote actuation of the finger joints by means of tendons. This
leads to frequent failures in heavy use of the hand. The PI has developed a novel
approach to the design of such hands in which the actuator, consisting of a minia-
ture DC motor and gearbox, is built directly into the finger unit itself. A prototype
finger based on this design is shown in figure 3. Part of the project was to further
develop the design of this end effector to decrease the size shown in figure 3 to one
which approaches that of the human hand.

Commercial gearmotors were identified for this task and a prototype finger joint
was constructed. This reduced the size from about 3 x human size to approximatly
1.5 x human size. Appendix 3 includes some of the drawings on which the new
design is based.

Unfortunatly, work in this area had to be suspended until FY1990 due to the
redirection of funds towards the purchase of the CRL telemanipulator mentioned
previously. Work has re-started on this topic with a graduate student investigating
the control system for the finger unit.

Conclusions

Good progress has been made in both the areas described, although it has taken
a year to establish a laboratory facility in which the work can be performed. With
the delivery of the CRL arm imminent, and several graduate students interested in
many aspects of the research, progress is expected to continue in 1991.

/
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Abstract
In this work, we are concerned with the role that the haptic system plays in teleoperation

i.e. the exploration and manipulation of objects by a human operator using a remote robot
arm. The approach is to incrementay enhance the remote touch-sensing capability beyond
kinesthetic force feedback to include contact data and local re-perception and compare the
time to identify quasi-two dimensional objects with that of a directly held probe. Results
obtained indicated that friction between the remote probe and the environment made the
feedback signal "noisy" leading to conflicting and inaccurate hypotheses by the operators.
Sensory feedback improved the signal to noise ratio giving performance levels approaching
those of direct, as opposed to remote, probing.

Introduction
In this paper we are interested not so much in direct manipulation of objects, but in

remote manipulation using a mechanical teleoperation device. The placement of a telema-
nipulator between the operator and the task to be performed acts as a kind of filter to
many kinds of sensory feedback, including touch, and in most cases degrades the operator's
ability to accomplish tasks that would be quite simple if performed directly. Nevertheless,
the study of telemanipulative tasks is of considerable interest since this is a common way of
separating humans from hazardous environments.

Contemporary telemnnipulation facilities usually contain many sunory feedback paths
to msit the operator in the arcomnplislimnent of some tak. The manipulator itself .my
have force-feedback capability allowing the operator to sense the presence of an obstacle
or constraint. Force feedback is usually of the terminus type, as shown in Figure 1, where
only end-point forces at the control handle are felt, although some manipulators implement
anthropomorphic feedback in which shoulder, elbow, wrist, hand and finger forces are sensed
through an exo-skeletal structure worn by the operator. Visual feedback is obviously im-
portant, and this may be accomplished either directly through a viewing window, or by
using a camera and video display for more remote applications. Audio and touch feedback
mv. usa significant contributors to performance and are complimentary in many ways, since
sound produced by tapping an object provides confirmation of contact in the absence of
,lirert tolich sensing Ivy the reintre probe. F)r the work reported here, particular atteii,,,,
is focussed on the sense of touch. The reason for this is, firstly, that many fine motion
manipulations, such as assembling an electrical connector, utilize touch feedback more than
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any other sense, and wecndly there are Tmary operattional tatsks where visial freedlirk is
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Figure 1: Operator Handle on Terminus Tele-Manmpulator

used to imply greater meaning than Gibson's [2] "purposive touch" contained in Is original
definition. We define the haptic system to comprise many parts including:

1. Tactile (localised) sensing of fine features

2. Proprioreptive (kinritrtir) nonsng of miore position

3. Other sensing systems such an temperature anid pain

4. A two-way communication channel between the central nervous system and the brain

5. Perception processes to formulate hypotheses about the environment

6. Motor control mechanisms to re-distribute the primary sensor systems

Previous work in this area has concluded that although the haptic system may be used
to recognize three dimensional objects both accurately and quickly, two dimensional object
recognition is accomplished less mieccesarully. In the tests reported by Ledlermnan, Klatzky
and Barber [4], raised two dimensional profies were traced and recognition was attempted,
resulting in poor performance. In other work on three dimensional object recognition re-
ported by Klatzky, Lederman and Metzger 131 blindfolded subjects were allowed to pick up
one of a set of 100 common objects and attempt recognition. In these tests, good results
were obtained with only 4% of the tests resulting in mtru-classification. Lederman, Klatzky
and Bajcsy [41 report other published work which supports their conclusions that the haptic

* system is poorer at recognizing two dimensional shapes compared to its abilities regarding
three dimensional objects.
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Figure 2: Independent Variables of Haptic Perception

In the work reported here, we have investigated further the abilities of the haptic system
to explore and recognize essentialy two dimensional shapes using a telemanipulator.ln ad-
diressing the problem of emulating the human haptic system in machines, much attention has
been focussed on the area of tactile sensing. Machine haptics obviously has contributions
from a much larger collection of components than just sensing. By considering thbe current
status of teleoperattion, erid the effort* to impr4nve this status an that the oPerator artiialty
feels a though he or she is in the remote workplace (telepresence), some of the other mecha-
nisms which impact teleoperator performance can be identified. Our research has identified
four such mechanisms, which we propose to define as haptic vaiables. They directly in-
fluence the ability of teleoperators to perform complex tasks. 'These haptic variables are
(1) tactile sensing (2) tactile display (3) force reflectance and (4) end effector dexterity. Al-
though these mechanisms are also present in* the human haptic system, they are less variable
for the purposes of experimentation. These independent variables aret represen.ted in Figure
2, which also Indicates examples of discrete componenents of each technology beginning with
the most simple in the Periphery of the diagram anti increasing in cmplexity towards the
center, which is the goal of fill telerresenre. A system comprising components locatedl near
the center of the diagram would be expected to have capabilities approaching those of the
human hand. Note that for wehanical teleoperator systems with awn in the loop control,
the definition of haptic variab1~p is consistent with the definition of the components of the
haptic system given earlier, since the human operator provides the information transmission,
cognitive and motor control functions directly through the manipulator.

* Method
* The objective behind the experimental work reported In this section in to Investigate

object recognition through remote haptic probing alone, and to determine which haptic
variables will produce the mrst significant improvement in performance. In selecting the
object set that operators would be asked to identify, it was decided to use wooden letters of
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Figure 3: Remote Tele-Manipulator Probe

the alphabet about six inches tall and one inch thick. For each trial, a letter wa~s selecred at
rnndc,in frorn the set c'f 26~ and nttched in it rndom orientnition to a me-tAl tAsiktomird. Tile
miimpii~iltor used wait a Cili, forte reflerting Unit Of tile tertniiiis type, wich itit iA thati
onl force-% at tlie c,mILroller lhaid~le are *IisRC,I. rForce M'flertin,lin II -clieveI ,liu l

through aknt nnoduei cjkhl,-- Operating each de'gree of freedom of the manipulator. The
remote probe consisted of a 1/4 inch diameter steel tube about 6 inches long. Figlire 3
showni the manipulaitor probing a test character. The operatoir handle ;Fs construclted in the

form of a pistol-type grip (see figure 1). For all tests operators wore earplugs and headphones
connected to a p~ink noise source so that all audible cue wet, masked. The operator wns
prevented from direct:% viewing the taskboard and remote probe by a curtain.

A totsl of three operators were used in each of four experiments. Fbr each experiment.
some twenty trials were performed .Although each Operatnr had frior experience usiig
tile teleopritor n 'ysteuri, tile triAlsk for each oif the ex perimerits were performuedl in a randinn
seqlIiliue to equl fti7e the effects (if increasning famuiliarity wi th the equipmrefit oiver the cliurse

of the experiment. The four experimnnts all involved the recognition of a randomly selected,
randomly oriented letter of the alphabet, but differed in the sensory feedbpA provided to

the operator dirng his probing. The specific conditions relating to each experiment were
asfollovs.

Experiment 1: Force feedback only, audio and visual mnasking.
Experiment 21 Asi above but with edg, contact feedback.
Firperiment ?- Same all Ffperiment 1, but with observation of hand

controller movement permitted.
Lxperimnent 4: No teleminipulatot, trai..ig using haind field] piobe

Experiment 2 allowed the -perato- to observe when the remote probe was in contact 'Kith

the edge o1f the letter. 'lo achieve this, each wooden lett-r had aluminum foil tape wrapped



I, i..i0

pal-

4( nr 60 (ur

I iguire 4: Extperiiiieuntol 111-410101

arrounl the. rdge, and a battery crinnerterl to it. The other baittery te-rinui.al woix rfiii
in (lie' rw'.)te probe an) thott whein time r-iri was iii (iontfti i with 1i pilot (if Iiv let te A

circuit was completed and a smnall hght emitting diode (Lii)) was Illmoloiiit'd i' LVP~
was placed into a small hole drilled into the mask worn by the uiperal'ir so, that edote rantat
cronfirmation vas nmad1e availabule to im directly in frnnt cif Ide right eye. Prior 1" PoolI,
test iwaision, the operator was alcowed to vlew a copy of the font used (or the chaarrttels *I
that subtle dilTereuncem c..uld We ubterved, euch, as the difterence between, out M atrd invertod

Wor ant N and a Z. Operstorit were aisked tW provide a running ennr..e..tiry of wlint they
thrniaglt wA haoppenilng dnring ti.' teat. Operator ripinmnxlt anid remt pr ilir Ar iIvity we-re
reroriled nnt'. tho- ssonse viule, ii Oi.. 'lle, o.peropili. was Inst 1ri ,1 tl ti o mi.I;A4ipC jo, I i...i y tif

identification rather than speed, amid to make a dear identification at the' rnnluloum (4 the
probing. Operators were told if they made anm incorrect identifi'ation, and the test rolitiuimed.
A tiffie limrit of ten n-j nute fnr recognition of a s"Ingle let tel was Fcitr rel, faril ti.' hlumllhmrr
of trials resujlting in noooidprntification after thit perioid was recorded A aerod prrfri.m;,anrr
measure was the elapsed ti,' required for trrert Mden tifirat on, whih was thmen Averagedl
rover all tri&ir for the experiment.

Results
The rea ii tsa arc .liii; n ini Fig, re 4 wi, cli iiidii Wte hitli the averagr tim,.'. foor du1frat tr

identificAtion anid the nUlnher (A tiunes dintificatir.n was not possilile witlii ii.' pie. itted

timte period.

ilscussion
'The result'. oif Exspetnient 1, togother with the wimmentary provided toy operatlors loot

the cauies where no successful Identification was achieved, provide Insight Intt, the pmros
of teleopueratjon, a~nd how perfrmnance riany be enhiarnced. The' 10*111 aimhgulty o~bserved tuy
operastor.t was them inability to distinguisho contact forces between the probe sad thse lettr
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from frictional forces between the probe and the taskboard. This was observed during the
tests when the probe appeared to be following an edge quite accurately, but when a corner
occurred, the probe continued to move in a straight line along the taskboard, constrained
only by the end-point frictional forces, The operator wYm uni wre of the situation until the
lengLh of the perceived edge 6ecane larger thaii Wis a prior; expc atitois almut the h4ptigest
ral edge, and 1 re-rXiihoralIon or the tnshlimrd occurred. rld lends to thi i' .relit i n
algiial ti, ,,lme rhtio Ar halth! ,ita where the slgnal III Lids 'naee Im the I,rilie Irttfer uiti-nL

fre andf the noise Is ih. prohe..taskhoarel frictional fore. I. siltiontlmin osih mm lxeeipr-,l.
I where the signal is relatively small eonpared to the noise, mny aunliigities arise making
the ldeuitiicratlott if nimpih pri, ?IIi Lves re1111 a" edges towrorn erf difi,:ilLt. 'reileitly, -n
contact itself was incorrectly assumed to have occurred and haptic probing took place totally
in the presence of noise only.

The generation of end-point frictional forces at the probe is closely linked to ihe levels
of Internal frictional forces within the telemanipulator Itself, as indicated by the following
example. Suppose the control handle can be moved in any direction in space, but to cause
such movement a static frictional force of say 5N has to be overcome. No obstarle in the path
or the remote probe can be detected until a force greater than 5N is exerted. If one considers
the general strategy of probing a letter, the operator attempts to conceptualize the location
and orientation of the tukboard and then tries to move the probe lightly over the board until
contact with the letter.is made. Then, still minimizing the contact force between the probe
and the taskboard, the probe is traced around the letter building up individual primitives
into features and spatially mapping them into a recognizable object. Light contact with
the taskboard is required to minimize the generation of end point frictional forces thereby
increasing the signal to noise ratio during the probing phase. The internal friction of the
manipulator however determines the magnitude of the friction force at the probe tip through
the equation of static friction:

F = pR

where F is the frictional force along the plane of the taskboard, p is the coefficient of static
friction for the pair of materials comprising the task board and probe, and R is the force
applied normal to the task board by the operator. If P is the internal static frictional force
of the manipulator in a direction normal to the task board, it can be seen that

F > pP

Iligher internal frictional forces therefore require larger contact forces in order to dis.
tingiinh end point friction froml object coittact, said the search is characterised by clumsy,
sometimes sudden movements when the probe leaves the object. Large excursions of the
probe inhibit accurate relocation on the object and generally degrade the spatial mapping
of primitives already identified.

Lower frictional forces allow delicate probing to take place, small, subtle features to be
identified, and a general decoupling of the end point and contact forces. Object contact
sensing seemed more dependent on the rate at which force was detected rather than the
absolute level of forV itself. Operators used this effect to detect objects by tapping the
edge of the object with the probe. Although the sound of tapping could not be heard
by the operator, the mechanical couplin-, of the probe and control hanudle had mFflicient
high frequeicy btmidwidth to pass Impulsive components of force to the control handle.
This has significant implications for teleoperated systems connected electrically, rather than
mechanically, since high bandwidth transmission over substantial distances may be more
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difficult to achieve, Experiment I indicates that duie to the relatively high level of friction
lIrrmselt in tile teleninnil ilator, amnhigifitieA die to rd point friction lind a Anilfirnnt effrct
ill. r1 fil , ilieii", hemiyltiip 4 , the tilal h e;;i;;, in si r'res, in those h, halei,

,pl iliaLen, irpiileo filtl le n ,et what lihe .Lt.l. 11111h41t li mi fl int lie , , .io.Idiip. l. h.,l,ly

Wlhlild il..t have aided In r gi itlml. Thlis Rinitlin rep reseimts n am x mul I telnfi uluIattr
tasks in a frictional environment, with an average recognition time 5ir tile task of :90
seconds. Two mechanisms were tested as potential aids to object recognition. In tile first (if
these, Experiment 2, object contact information was supplied to the operator, and resulted
in a substantial improvement in performance by allowing the operator to discount apparent
boundary information generated by end point friction. Observed probe motion was still
somewhat clumsy but operatois reported better conceptualistion of the letter shape due to
noise rejection, In these tests, recognition times were dramatically reduced to an average of
A4 seconds, and no failures in recognition were reported.

I,, ntxper,,iit 3, tiow pror..ss ,,f re.p-rreptiim 1,5 dlwel oinernLtrm t, vto minli," ,,ileit
primitives by direct observation of the control handle, as well as the determination of the
spatial relationship between these primitives. This also reduced object recognition times to
an average of 265 seconds and the failures to identification, although the effect was not as
great as the reduction in signal to noise ratio. Experiment 4, in which the operator held a
geometrically similar probe to the one attached to the telemanipulator but stood directly in
front of the taskboard and attempted to identify the letter, produced the best performance
of all, with no failures and an average recognition time of only 15 seconds.

It is not clear at this stage why the human system is more than an order of magnitude
better than what seems to he an equivalent mechanical system. Before disurming tile dif-
ferences between tile Rystei-as, It is sifrol t recall their plh,)lariLtia. Il,,th reeiy,-) vh, I,,t

have any form of tactile sensing or display and both rely only on proproceptive feedback.
In both cases, probing took place with the hand in the same position with respect to tile
probe, which was made of the same materials. Possible mechanisms which might account
for the disparate results of the human and machine based systems include friction, iner-
tia, compliance and kinematic redundancy. In all cases, the manually-coupled probe was
able to trace the object boundary at high speed, often making little or no contact with the
taskboard. Fi'om previous arguments, this is indicative of a system with very little internal
friction, which seems to be the case with any biological system. The different frequencies of
mechanical vibration generated by taskboard and object contacts were dearTy diRcernabl
with the manually held probe, but were absent with the mechanical system preomirnahly
due to mechanical filtering by the manipulator and transmission structures. The mechan-
ical probe acceleration was less than the manual probe due to the considerable inertia of
the manipulator. This precludes rapid tracing, and results in loss of contact when a sharp
corner is encountered. The slow data rate imposed by the inertial effect also degrades the
spatial mapping of object primitives by the process outlined earlier. It was also noticed that
the human arm could generate variable compliance in different directions relative to the
taskboard. In the exploratory procedures observed, the probe was very compliant normal to
the board, which also assisted in reducing the sudden build up of end point fricional forces,
yet was stiff in any direction parallel to the board so as to generate a rapid rate of change
in contact force if motion other than along the object boundary were to take place. This
may have been achieved because the human arm is, by definition, anthropomorphic, while
the manipulator operates on a terminus force control principle. Finally the manipulator
arm kinematics are not redundant as is the human arm. This means that the human arm,
unlike the manipulator may re-position the major limbs without changing the end effector

14
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(the hand). This may provide flexibilitv when directional ornpliarnee is required for certain
task$S.

Conclusions
Comparativ'e tests with a telernanipulator system in common use indicate that haptic

probing in order to identify objects belonging to a wide, though well defined set, results in
relatively poor perforrmance. 0.-te reason suggested for this is the effect of end-point fricton
hetween tite probe and the task hoard fin which the object is moutnted. End point friction is
In turn related tn the~ level of iiiternid fricti',n present within the mantiputo~r arm.

'S'.1 -ty 11,I 1q, l .g"r.v.. ptri ,IFlo III.CC t. l t1 Wo tyglea .fo feedllpllk were itvestiorniefl.
TUhe effer.L, of re-perceitttit Mpipted the etoncepttlalirmtlttl 4f tiliject ptrimiitives andi their
ojInfLial relatiosaltipsi ttt richt other outti resilteti Int aretliactioti lit the mttitihter 4f rct~gii..at
failtires and in the reductioin of object recognition times. The availability of tinamithigiousl
object contact information reduced the haptic Pignal to noipe ratio and resulted in all objects
being recognized, again with a fturther reductin in recognition times.

Results obtained using direct probing by a human operator indicated substantial improve-
roento in performance, and it in suggested that this is the result of differences in friction,
Inertia, compliance arnd kinematics between the human and mechanical systemsi.
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Introduction

In this paper we are interested not so much in direct manipulation of objects, but

in riyioe trnnulipulntion uswing n rnrihnniral trlenperntion device. The plnrement nr n

telemanipulator between the operator and the task to be performed acts as a kind of

filter to many kinds of sensory feedback, including touch, and in most cases degrades

the operator's ability to accomplish tasks that would be quite simple if performed

Abstract

In this work, we are concerned with the role that the haptic system plays in

telcoperation i.e. the exploration and manipulation of objects by a human operator
using a ivrmote robot arm. The approach is to incrementaly enhance the remote
touch-sensing capnbility beyond kinesthetic force feedhack to inchde rontsct dntn
anG local re-perception and compare the time to identify quasi-two dimensional
objects with that of a directly held probe. Results obtained indirated tha'. friction
,etween the remote probe and the environment made the feedb ,ck signal "noisy"

leading to conflicting and inaccurate hypotheses by the operator- Sensory feedback
improved the signal to noise ratio giving performance levels appiaching those of
direct, aa opposed to remote, probing.

Relavence of Work

Experimental work is described which investigates the way ..uma", identify ob-

jects using the sense of touch (haptics) only, ir, conjunction with a remote teleoper-
ator mechanism. The work impacts what may be achieved through telepresence in
the control and use of remotely operated vehicles (ROV's) particularly for sub-sea
operations where visual data may not be available.

Keywords

Teleoperation, Haptics, Sensory Feedback, Force Reflection, Recognition.
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6. Motor control mechanisms to re-distribute the primary sensor systems

Although the above does not provide a formal definition of haptics, it allows
the use of terms such as haptic recognition to mean that part of the haptic system
dealing with the cognitive or perceptive phase of touch. Similar definitions of haptic
sensors or haptic probing folloA from the above list. li our work, we n.r primarily
ifttereted !i recgiiizhig 11l1je 1t 1 iig esmeiftUily proprhorlepi ve infori nt.10,I witi
little emphasis on tactile data about smaller, local features. The object set to be
recognized has to be selected carefully, since we assume that the operator has some
previous experience with and knowledge of the objects, yet there is sufficient vari-
ation in the set to provide a reasonably challenging task given the capabilities of
the telemanipulator. Previous work in this area has concluded that although the
haptic system may be used to recognize three dimensional objects both accurately
and quickly, two dimensional object recognition is accomplished less suiccessfully. In
the tests reported by Lederman, Klatzky and Barber (1987), raised two dimensional
profiles were traced and recognition was attempted, resulting in poor performance.
In other work on three dimensional object recognition reported by Klatzky, Led-
erman and Metzger (1985), blindfolded subjects were allowed to pick up one of a
set of 100 common objects and attempt recognition. In these tests, good results
were obtained with only 4% of the tests resulting in rnis-classification. Lederman,
Klatzky and Bajcsy (1987) report other published work which supports their con-
clusions that the haptic system is poorer at recognizing two dimensional shapes
compared to its abilities regarding three dimensional objects.

In the work reported here, we have investigated further the abilities of the haptic
system to explore and recognize essentialy two dimensional shapes using a telema-
nipulator. While acknowledging the previous work referenced above, it was felt
that in some respects the object sets selected for the two and three dimensional ex-
ploratory testing were disparate in their familiarity to the subjects, and other factors
may be equally significant. For example, compare the task of identifying a contour
profile of South America with that of recognizing a toothbrush, two examples given
in Lederman (1987). One might argue that subjects would be more familiar with a
toothbrush than with the map which is, after all a representation of another actual
object. Further, in handling a real object, other sensory mechanisms are at work,
such as explorations of weight, compliance, temperature, surface texture and so on.
In the first case of the map, an exploratory procedure would probably be employed
which builds primitives into features, and relates features to objects as indicated
by Stansfield (1986) except that proprloceptive data rather than tactile data would
be spatially integrated. The acquisition of data for this task would be much slower
than dosing one's hand around a toothbrush, and since the haptic recognition sys-
tem works essentially with dynamically refreshed data it might be expected that
the toothbrush would be iderrtified first. Some significance may also be attributed
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h) the relnlivw, rolr #f pro!)roreI)tive nud tkctAile A,-nsitig in tr two Inilhs. In theI
map tracing task. tactile sensing serves only to guide the finger along the contour
and provides no information about the object to be recognized. Tactile sensors may
indicate that the contour is plastic or wood, smooth or rough however none of these
are attributes of South America. For this task, proprioceptive (kinesthetic) probing
is the dominant mode. In the second task using three dimensional objects, their size
was eelected so they could be held In the hand which suggests that tactile sensing
doininated kineatlietLic sensing. While it is not clear what the quantitative effect of
the jr prcivept ve/tltctle daitn ta irs , the above tests see,,, to iave mitlistanitinly
different values. An interesting experiment, perhaps offering a more appropriate
comparison with the two dimensional profile experiments, would be to have sub-
jects explore larger three dimensional objects such as a kitchen range, or a personal
computer using one finger only.

In addressing the problem of emulating the human haptic system in machines,
much attention has been focussed on the area of tactile sensing. Machine hap-
tics obviously has contributions from a much larger collection of components than
just sensing. By considering the current status of teleoperation, and the efforts to
improve this status so that the operator actually feels as though he or she is in
the remote workplace (telepresence), some of the other mechanisms which impact
teleoperator performance can be identified. Our research has identified four such
mechanisms, which we propose to define as haptic variables. They directly influence
the ability of teleoperatorm to perform complex tasks. These haptic variables are (1)
tn( tile sensing (2) tactile display (3) force reflectance and (4) end effector dexterity.
Although these ,,echaiiinits rie i a- , present in the Iiniau Imap tie syst-ia , they nr-
less variable for the purposes of experimentation. These independent variables are
represented in Figure 1 which also indicates examples of discrete componenents of
each technology beginning with the most simple in the periphery of the diagram and
increasing in complexity towards the center, which is the goal of full telepresence.
A system comprising components located near the center of the diagram would be
expected to have capabilities approaching those of the human hand. Note that
for mechanical teleoperator systems with man in the loop control, the definition of
haptic variables is consistent with the definition of the components of the haptic sys-
tern given earlier, since the human operator provides the information transmission,
cognitive and motor control functions directly through the manipulator.

Method

The objective behind the experimental work reported in this section i .0 invs-
tigate object recognitioni through remote haptic probing alone, rad to determine
which haptic variables will produce the most significant improvement in perfor-
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mance. In selecting the object set that operators would be asked to identify, it
wRs decided to u.se wooden letters of the alphabet ahout six inches thll and one

incl tLich. Ft'h (.1(11 triI, n leter wn Fv,-le(cte(d at rinflcrin froin the sel of 26 avid
attached in a random orientation to a metal taskboard. The manipulator used was
ti CRI, force reflecting unit of the terminus type, which means that only forces at
the controller handle are sensed. A schematic diagram of this manipulator is shown

in figure 2. Force reflection is achieved mechanically through antagonistic cables
operating each degree of freedom of the manipulator. The remote probe consisted

of i 1/4 inch diameter steel tube about 6 inches long. The operator handle is
('oiitrueted in the form or a pistol.type grip. A detail of the operntor handle is

shown ill figtire 3, wihile the prole is shown in figurre 4. l;',r n11 tests 4,li,.e ti rm w,)i
earplugs and headphones connected to a pink noise source so that all audible cues
were masked. The operator was prevented from directly viewing the taskboard and
remote probe by a curtain.

A total of three operators were used in each of four experiments. For each
experiment, some twenty trials were performed. Although each operator had prior
experience using the teleoperator system, the trials for each of the experiments were
perforited in a rntilontr s-qiienrei to Pejunrlize the effrecf of in-rensing fir rilinrity with

the equipment over the course of the experiment. The four experiments nil involved

the recognition of a randomly selected, randomly oriented letter of the alphabet,
but differed in the sensory feedback provided to the operator during his probing.

The specific conditions relating to each experiment were as follows.

Experiment 1: Force feedback only, audio and visual masking.

Experiment 2: As above but with edge contact feedback.
Experiment 3: Same as Experiment 1, but with observation of hndtl

controller movement permitted.
Experiment 4: No telemanipulator, tracing using hand held probe

Experiment 2 allowed the operator to observe when the remote probe was in con-
tact with the edge of the letter. To achieve this, each wooden letter had aluminum

foil tape wrapped around the edge, and a battery connected to it. The other battery
ferininal wnpi rnnnerted to the remote probe so that when the probe was in contact

with the edge of the letter a circuit was completed and a small tight emitting diode

(LED) was illuminated. The LED was placed into a small hole drilled into the mask
worn by the operatcr so that edge contact confirmation was made available to him

directly ill front of his right eye. Prior to each test session, the operator was allowed

to view a copy of the font used for the characters so that subtle differences could

be observed, such as the difference between an M and inverted W, or an N and a

Z. Operators were asked to provide a running commentary of what they thought
was happening during the test. Operator coieinents and remote probe nctivity were
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rerordled onto the sntie video tape. Tlie operator w" itstriuted to elhinize fl(-

curacy of identification rather than speed, and to make a clear identificatio:n at (lie
conclusion of the probing. Operators were told if they made an incorrect identi-
fication, and the test continued. A time limit of ten minutes for recognition of a
single letter was enforced, and the number of trials resulting in non-identification
after this period was recorded. A second performance measure was the elapsed time
required for correct identification, which was then averaged over all trials for the
experimnent.

Results

The results are shown in figure 5 which indicates both the average time for
char cter identification and the number of times identification was not possible
within the permitted time period.

Discussion

The results of Experiment 1, together with the commentary provided by oper-
ators for the cases where no successful identification was achieved, piovide insight
info the proces," of teleoperation, and how performance may be enhanced. The mtain
ambiguity observed by operators was the inability to distinguish contact forces be-
tween the probe and the letter from frictional forces between the probe and the
taskboard. This was observed during the tests when the probe appeared to be fol-
lowing an edge quite accurately, but when a corner occurred, the probe continued to
move in a straight lne along the taskboard, constrained only by the end-point fric-
tional forces. This is shown in figure 6 where the probe moves from A to the corner
B, but continues in the direction C. The operator was unaware of the situation until
the length of the perceived edge became larger than his a priori expectations about
the longest real edge, and a re-exploration of the taskboard occurred. This leads to
the concept of a signal-to-noise ratio for haptic data where the signal in this case is
the probe-letter contact force and the noise is the probe-taskboard frictional force.
In situations such as Experiment 1 where the signal is relatively small compared
to the noise, many ambiguities arise making the identification of simple primitives
such as edges or corners difficult. Frequently, even contact itself was incorrectly
assumed to have occurred and haptic probing took place totally in the presence of
noise only.

The generation of end-point ftctional forces at the probe is closely linked to the
levels of internal frictional forces withiin the teleninaipulator itself, as itidicated by
the following example. Surpose the control handle can be moved in any direction
in space, but to cause such movement a static frictional force of say 5N has to be
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overcomne. No obstacle in the path of the remote probe can he (letectiecl un1til at
force greider thit riN ik fexrrled. If one considers the getieral strnteg)y or j)roihing
a letter, the operattor at tempts to conlceJturilizo! the locrition ruid orieiitiitioII of the
taskboard &nd then trier, to move the probe lightly over the board until contact with,
the letter is made. Then, still minimizing the contact force between the prohe ruidI
the taskboard, the probe is traced around the letter building uip individual primitives
into features and spatially mapping them into a recognizable object. Light contact
%ith the taskboard iR required to mninimize the generation of end point frictional
forces thereby increasing the stignal to noise ratio during the probing phase. Thle
itre friction ofr the iinaii 1 ilatt- however theteriiihir the itingnide(r i oiF the ftnco

force at the probe tip through the equation of static friction:

where F is the frictional force along the plane of the taskboard, p is the coefficient
of static friction for the pnair of materials comprising the task board and plobe, aind
1? is the force applied normal to the task board by the operator. If P is the internal
stnstic frictionail force of the mRanipullator in a direction normarl to the- titsh board, it
can be seen that

F> pIP

Higher internnal frictional forces therefore require larger contact forces in order
to distinguishi end point friction from object contact, and the se-arch is characterised
by clumsy, sometimes sudden movements when the probe leaves the object. Large
excursions of the probe Inlhlibit accurate rclocation on the object and generally
degrude the spnt ml injppin i f pr-ii tivUes alt-rndY idelitrtRd

Lower frictional forces allow delicate probing to take place, small, subtle fee-
tures to be identified, and a general decoupling of the end point and contact forces.
A sowrewbat different effect is due to internal compliance of the telemanipulator.
Operators felt that if the remote probe came into contact with a rigid object and
then deformned under the action of a form of torsional stiffness, the control handle
did not reflect the existence of the object very precisely. Object coiltact, sensing
seemied more dependent on the rate at which force was detected rather than the

absoltite level of force itself. Operators used this effect to detect objects by tapping
the edge of the object Aith the probe. Although the sound of tapping could not
be heard by the operator, the mechanical coupling of the pr-obe andl contro~l hall-
die had sufficient high frequency bandwidth to pass impulsive components of force
to the control handle. This has significant implications for teleoperated systems
connected electrically, rather than mechanically, since high bandwidth transiss alion
over substantial distances may be more difficult to achieve. Experiment I indicates
that due to the rel ativ~ely htigh irvei ol frict ion preneu t in the tecuruaiuuul ator, nn

biguities due to end point friction had a significant effect on performance, resulting
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in only 40% of the trials ending in success. In those that failed, operators reported
little idea of what the letter might be and that further probing probably would
not have aded ill recognition. This mituati,,o repremento tatndard teleinnnilpulllor
tasks in a frictional environment, with an average recognition time for the task of
390 seconds. Two mechanisms were tested as potential aids to object recognition.
In the first of these, Experiment 2, object contact information was supplied to the
operator, and resulted in a substantial improvement in performance by allowing
the operator to discount apparent boundary information generated by end point
friction. Observed probe motion was still somewhat clumsy but operators reported
better conceptualiztion of the letter shape due to noise rejection. In these tests,
recognition times were dramatically reduced to an average (f 81 seconds, and 110

failures in recognition were reported.
In Experiment 3, the process of re-perception (Kearst 1978) allowed operators

to visualize object primitives by direct observation of the control handle, as well
as the determination of the spatial relationship between these primitives. This also
reduced object recognition times to an average of 265 seconds and the failures to
;d,,ntiicntion, although the effect was not as great as the reduction in signal to noise
ralio,. E-xperinetil 1, in which tie operntnr 1(i1d n geometrirally sirrilnr probe lo

the one attached to the telemanipulator but stood directly ill front of the taskhoard
and attempted to identify the letter, produced the best performance of all, with no
failuires and an average recognition time of only 15 seconds.

In interpreting the results of these experiments, it is worthwhile remembering
that one of the dominant effects in haptic recognition is the speed at which infor-
mation is gathered and retained by the sensory and cognitive system.,. The ability
therefore to distinguish signal from noise is useful by itself, but since it will allow
exploratory procedures to be performed much more rapidly, it will increase the

likelihood of recognition. A nonlinear effect may be expected in the reduction of
recognition times as the haptic process is aided by sensory feedback due to this rate
of signal acquisition.

It is not clear at this stage why the human system is more than an order of
magnitude better than what seems to be an equivalent mechanical system. Before
diFscusing the differences between the systems, it is useful to recall their -iilarities.
Bo0th systems do not have any form of tactile sensing or display and both rely only
on proprioceptive feedback. In both cases, probing took place with the hand in the
same position with respect to the probe, which was made of the same materials.
Possible mechanisms which might account for the disparate results of the human
and machine based systems include friction, inertia, compliance and kinematic re-
dundancy. In all cases, the manually-coupled probe was able to trace the object
boundary at high speed, often making little or no eontaet with the taskboard. From
previous arguments, this is indicative of a system with very little internal friction,
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which seems to be the case wAith any biological system. The different frequencies

of mechanical vibration generated by taskboard and object contacts were clearly

discernable ith the manually held probe, but were absent with the mechanical

system presumably due to rnechenical filtering by the manipulator and transmis-

simon sructures. The mechanical probe acceleration was les than the anuamil probe
due to the considerable Inertia or the tnatIilj tittor. l1111 IUrti4'l1des raj1ihl LrAie iig,

and results in loss of contact when a sharp corner is encountered. The slow data
rate imposed by the inertial effect also degrades the spatial mapping of object prim-
itives by the process outlined earlier. It was also noticed that the human arm could

generate variable ccmpliance in different directions relative to the taskboard. In

the exploratory procedures observed, the probe was very compliant normal to the
board, which also assisted in reducing the sudden build up of end point fricional
forccs, yet wna stiff in any direction parallel to the board so as to generate a rapid

rate of change in cntact force if motion other than along the object boundary were
to take place. This may have been achieved because the human arm is, by defini-

tion, anthropomorphic, while the manipulator operates on a terminus force control
principle. Finally the manipulator arm kinematics are not redundant as is the hu-
man arm. This means that the human arm, unlike the manipulator may re-position
the major limbs without changing the end effector (the hand). This may provide
flexibility when directional compliance is required for certain tasks.

Conclusions

Comparative tests with a telemanipulator system in common use indicate that
haptic probing in order to identify objects belonging to a wide, though well defined
set, resuits in relatively poor performance. One reason iuggested for this is the effect
of end-point friction between the probe and the taskboard on which the object is
motmited. End point friction is in trn related to the level of internal frictinn prr'et

within the manipulator arm.

Sensory feedback improves performance, and two types of feedback were investi-

gated. The effect of re-perception assisted the conceptualization of object primitives
and their spatial relationships to each other and resulted in a reduction in the num-

ber of rcognition failures and in the reduction of object recognition times. The
availability of unambiguous object contact information reduced the haptic signal

to noise ratio and resulted in all objects being recognized, again with a further
reductin in recognition imes.

Results obtained usiiig direct probing by a human operator indicated substantial

improvements in performance, and it is suggested that this is the result of differences

in friction, inertia, compliance and kinematics between the human and mechanical

systems.
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